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Abstract Radioactive decay of unstable atomic nuclei leads to liberation of nuclear 
binding energy in the forms of gamma-ray photons and secondary particles (elec- 
trons, positrons); their energy then energises surrounding matter. Unstable nuclei 
are formed in nuclear reactions, which can occur either in hot and dense extremes 
of stellar interiors or explosions, or from cosmic-ray collisions. In high-energy as- 
tronomy, direct observations of characteristic gamma-ray lines from the decay of 
radioactive isotopes are important tools to study the process of cosmic nucleosyn- 
thesis and its sources, as well as tracing the flows of ejecta from such sources of nu- 
cleosynthesis. These observations provide a valuable complement to indirect obser- 
vations of radioactive energy deposits, such as the measurement of supernova light 
in the optical. Here we present basics of radioactive decay in astrophysical context, 
and how gamma-ray lines reveal details about stellar interiors, about explosions on 
stellar surfaces or of entire stars, and about the interstellar-medium processes that 
direct the flow and cooling of nucleosynthesis ashes once having left their sources. 
We address radioisotopes such as S6Ni, “Ti, 2°Al, Fe, 2Na, 7Be, and also how 
characteristic gamma-ray emission from the annihilation of positrons is connected 
to these. 


Basics of Radioactivity 


Discovery 


In the nineteenth century, various efforts aimed to bring order into the elements 
encountered in nature. The inventory of the elements assembled by the Russian 
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chemist Dimitri Mendeleyev in 1869 grouped elements according to their chemi- 
cal properties as derived from the compounds they were able to form, at the same 
time sorting the elements by atomic weight. The ordering by Mendeleyev enforced 
gaps in the table, for expected but then unknown elements. In the second half of the 
nineteenth century scientists were all-excited about chemistry and the fascinating 
discoveries around elements with their properties and their apparent transformations 
in chemical reactions. Today the existence of 118 elements is firmly established’. 
Element 118, called oganesson (Og), is the most massive superheavy element which 
has been synthesised, and found to exist at least for short time intervals. More mas- 
sive elements may still exist in an island of stability beyond. The latest additions, 
no. 113-118, all were discovered in the year 2016, which reflects the concerted ex- 
perimental efforts. 

After Conrad Rontgen’s discovery in 1895 of X-rays as a type of penetrating elec- 
tromagnetic radiation, Antoine Henri Becquerel discovered radioactivity in 1896, 
as he was engaged in chemical experiments in his research of photographic-plate 
materials regarding phosphorescence. At the time, Becquerel had prepared some 
plates treated with uranium-carrying minerals, but did not get around to make the 
planned experiment. When he found the plates in their dark storage some time later, 
he accidentally processed them, and was surprised to find an image of a coin which 
happened to have been stored with the plates. Excited about X-rays, he believed he 
had found yet another type of penetrating radiation. Within a few years, Becquerel 
with Marie and Pierre Curie and others recognised that the origin of the observed 
radiation were elemental transformations of the uranium minerals: The physical pro- 
cess of radioactivity had been found! But when sub-atomic particles and the atom 
were discovered at the beginning of the twentieth century, the revolutionary aspect 
of elements being able to spontaneously change their nature was drowned by such 
new excitement. Still, well before atomic and quantum physics began to unfold, the 
physics of weak interactions had already been discovered, in its form of radioactiv- 
ity. 

The atomic nucleus is composed of hadrons, the protons and neutrons, which are 
subject to the strong nuclear force, which so binds an atomic nucleus. The landscape 
of nuclear configurations is illustrated in Fig. 1, showing numbers of neutrons as 
abscissa and number of protons as ordinate, with black symbols as the naturally- 
existing stable isotopes, and coloured symbols for unstable isotopes. The latter are 
subject to radioactive decay towards stable isotopes, with less total binding energy 
per nucleon. 

Often, the result of such inner transformations of the hadronic configuration pro- 
duces a daughter nucleus in an excited state. The transition to the ground state then 
involves spin changes, emitting photons to carry away spin and energy. These are 
the characteristic photons that accompany most radioactive decays. 

The production of non-natural isotopes and thus the generation of man-made ra- 
dioactivity led to the Nobel Prize in Chemistry for Jean Frédéric Joliot-Curie and 
his wife Iréne in 1935 — the second Nobel Prize awarded for the subject of radioac- 


' TUPAC, the international union of chemistry, coordinates definitions, groupings, and naming; see 
www.IUPAC.org 
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number of neutrons 


Fig. 1 The table of isotopes, showing the possible configurations of atomic nuclei in a chart of 
neutron number (abscissa) versus proton number (ordinate). Numbers identify the magic numbers 
of nucleons, which characterise the most tightly-bound configurations. White arrows indicate the 
nuclear-reaction paths of specific processes of nucleosynthesis in cosmic sites. The stable isotopes 
are marked in black. All other isotopes (in color) are unstable, or radioactive; they will decay until 
a stable nucleus is obtained. 


tivity after the 1903 prize went jointly to Pierre Curie, Marie Sktodowska Curie, and 
Henri Becquerel, also in the field of Chemistry. 


Characteristics 


The probability per unit time for a single radioactive nucleus to decay is independent 
of the age of that nucleus. Unlike our common-sense experience with living things, 
or with astrophysical objects that evolve, such as stars, radioactive decay does not 
become more likely as the nucleus ages. In B-decays, the transition is mediated by 
the weak interaction, transforming a neutron into a proton and vice versa. The mass 
difference of the neutron and the proton (plus an electron for charge neutrality) is [1] 
1.293332 MeV = 939.565413 - 938.272081 MeV for the mass of neutron and pro- 
ton, respectively. Neutrons are unstable and decay from the weak interaction, with a 
mean life of 880 seconds, into a proton, an electron, and an anti-neutrino, releasing 
this mass difference in kinetic energy. This is the origin of radioactivity. When neu- 
trons and protons transform through such weak interaction, the new configuration 
is unstable; the atomic nucleus can (and must) find a new stable configuration of its 
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hadrons, lowering the total nuclear binding energy. The excess binding energy thus 
can be released. Depending on the direction of the transformation p <— n, B~ or 
B* decays are characterised by emission of an electron, or positron, respectively, 
for charge conservation. 

n—p+e +Ve (1) 


p—n+e' +Ve (2) 


If such a transformation occurs inside an atomic nucleus, the quantum state of the 
nucleus as a whole is altered. Depending on the variety of configurations in which 
this new state may be realised (i.e. the phase space available to the decaying nu- 
cleus), this transformation may be more or less likely, as the total energy of a com- 
posite system of nucleons aims at a minimum value. 

Beta decay is the most-peculiar radioactive decay type, as it is caused by the nuclear 
weak interaction which converts neutrons into protons and vice versa. The neutrino 
V carries energy and momentum to balance the dynamic quantities. 

There are three types” of B-decay: 


2Xn —> ZiXwa1 tet +Ve (3) 
AXy —> oXn-1 +e +i (4) 
ZON Z+14N-1 e 

aN be” —> 4 _iXyui +e (5) 


In addition to B~ decay, these are the conversion of a proton into a neutron (B+ de- 
cay), and electron capture. The weak interaction itself involves two different aspects 
with intrinsic and different strength, the vector and axial-vector couplings. These 
result in Fermi and Gamow-Teller transitions, respectively [see 2, for a review of 
weak-interaction physics in nuclear astrophysics]. 

An example of B decay is hi — ae +e? + v, having mean lifetime T near 10 
minutes. This contributes to the early light from nova explosions. The kinetic energy 
Q of the two leptons, as well as the created electron’s mass, must be provided by the 
radioactive nucleus having greater mass than the sum of the masses of the daughter 
nucleus and of an electron (neglecting the comparatively-small neutrino mass). 


Op = [M(>N) — M(@°C) — me]e? (6) 


where these masses are nuclear masses, not atomic masses. A small fraction of the 
energy release Qg appears as the recoil kinetic energy of the daughter nucleus, but 
the remainder appears as the kinetic energy of electron and of neutrino. 

Capture of an electron is a two-particle reaction, the bound atomic electron e~ 
or a free electron in hot plasma being required for this type of B decay. Therefore, 
depending on availability of the electron, lifetimes in electron-capture B decay can 
be very different for different environments. In the laboratory case, electron capture 
usually involves the 1s electrons of the atomic structure surrounding the radioac- 


? We ignore here two additional B decays which are possible from v and V captures, due to their 
small probabilities. 
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tive nucleus, because those hold their largest density at the nucleus. The situation 
for electron capture processes differs significantly in the interiors of stars and su- 
pernovae: Nuclei are fully-ionized in plasma at such high temperature. The capture 
lifetime of 7Be, for example, which is 53 days against 1s electron capture in the 
laboratory, is lengthened to about 4 months in the central region of our Sun. 

The range of the B particle (its stopping length) in normal terrestrial materials is 

small, being a charged particle which undergoes Coulomb scattering. An MeV elec- 
tron has a range of several meters in standard air, during which it loses energy by 
ionisations and inelastic scattering. In tenuous cosmic plasma such as in supernova 
remnants, or in interstellar gas, such collisions, however, become rare, and may be 
unimportant compared to electromagnetic interactions of the magnetic field (colli- 
sionless plasma). Energy deposit or escape is a major issue in intermediate cases, 
such as in the expanding envelopes of stellar explosions, in supernovae (positrons 
from *°Co and Ti) and in novae (many B+ decays such as !3N). Even in small 
solids and dust grains, energy deposition from 7°Al B-decay, for example, injects 
0.355 W kg"! of heat. This is sufficient to result in melting signatures, which have 
been used to study condensation sequences of solids in the early solar system, and 
are believed to control the water content in newly-forming planets [3]. 
Gamma decay is another expression for the de-excitation of a nucleus from its ex- 
cited configuration of the nucleons to a lower-lying state of the same nucleons. We 
denote such electromagnetic transitions of an excited nucleus radioactive y-decay 
when the decay time of the excited nucleus is considerably longer than what is typi- 
cal for excited nuclei, and that nucleus thus may be considered a temporarily-stable 
configuration of its own, a metastable nucleus. Typically, a nucleus relaxes in an 
intrinsically-fast process, and lifetimes for excited states of an atomic nucleus are 
10~°seconds. 

The spin (angular momentum) is a conserved quantity of the system in such a 
transition. The spin of a nuclear state is a property of the nucleus as a whole, and 
reflects how the states of protons and neutrons are distributed over the quantum- 
mechanically allowed shells or nucleon wave functions (as expressed in the shell 
model view of an atomic nucleus). The emitted photon (y ray) carries a multipo- 
larity that results from the spin differences of initial and final states of the nucleus. 
Dipole radiation is most common and has multipolarity 1, emitted when initial and 
final state have angular momentum difference AJ = 1. Quadrupole radiation (mul- 
tipolarity 2, from Al = 2) is ~6 orders of magnitude more difficult to obtain, and 
likewise, higher multipolarity transitions are becoming less likely as probability de- 
creases in this way. This explains why some excited states in atomic nuclei are much 
more long-lived (meta-stable) than others; their transitions to the ground state are 
also considered as radioactivity, and called y decay. 

The range of a y-ray (its stopping length) is typically about 5-10 g cm~? in pass- 
ing through matter of all types. Hence, except for dense stars and their explosions, 
radioactive energy from y decay is of astronomical implication only. 

In radioactive decay, the number of decays at each time is proportional to the 
number of currently-existing radioisotopes: 
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dN 
ae —A.N (7) 
Here N is the number of isotopes, and the radioactive-decay constant A is the char- 
acteristic of a particular radioactive species. 

Therefore, in an ensemble consisting of a large number of identical and unstable 
isotopes, their number remaining after radioactive decay declines exponentially with 
time: 

N=No-e7? (8) 


The decay time 7 is the inverse of the radioactive-decay constant, and t characterises 
the time after which the number of isotopes is reduced by decay to 1 /e of the original 
number. Correspondingly, the radioactive half-life 7) /2, is defined as the time after 
which the number of isotopes is reduced by decay to 1/2 of the original amount, 


with 
T 


T2 = TaD) 


In the general laboratory situation, radioactive decay involves a transition from 
the ground state of the parent nucleus to the daughter nucleus in an excited state. 
But in cosmic environments, nuclei may be part of hot plasma, and temperatures ex- 
ceeding millions of degrees lead to excited states of nuclei being populated. Thus, 
quantum mechanical transition rules may allow and even prefer other initial and 
final states, and the nuclear reactions involving a radioactive decay become more 
complex. Excess binding energy will be transferred to the end products, which are 
the daughter nucleus plus emitted (or absorbed, in the case of electron capture tran- 
sitions) leptons (electrons, positrons, neutrinos) and y-ray photons. 

In cosmic hot plasma, the occupancy of nuclear states may also be affected by the 
thermal excitation spectrum of the Boltzmann distribution of particles, populating 
states at different energies according to: 


(9) 


a = G;: e lst (10) 
Here kg is Boltzmann’s constant, T the temperature of the particle population, EF the 
energy, and G; the statistical weight factor of all different possible states j which 
correspond to a specific energy* E. Inside stars, and more so in explosive envi- 
ronments, temperatures can reach ranges which are typical for nuclear energy-level 
differences. Therefore, in cosmic sites, radioactive decay time scales may be signif- 
icantly different from what we measure in terrestrial laboratories on cold nuclei. 
Also the atomic-shell environment of a nucleus may modify radioactive decay, 
if a decay involves capture or emission of an electron to transform a proton into a 
neutron, or vice versa. Electron capture decays are inhibited in fully-ionized plasma, 
due to the non-availability of electrons. Also B~-decays are affected, as the phase 


3 States may differ in their quantum numbers, such as spin, or orbital-momenta projections; if they 
obtain the same energy E, they are called degenerate. 
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space for electrons close to the nucleus is influenced by the population of electron 
states in the atomic shell. 


26A| 26Mg 
0.417 MeV 


O+ 0.228 Mev #59458 


26A| Decay: 


aK 
2.938 MeV 


82% [3* - decay (<E).> ~1.17 MeV) Y 
(0.3 %)* 1.809 MeV (99.7 % )* 


18% e - capture 
Q=4.0 MeV 


Photon yields: (# per decay) 


0.511 MeV 1.622 
1.130 MeV 0.024 
1.809 MeV 0.997 
2.938 MeV 0.003 


* = % are relative to one decay of Al 


Fig. 2 7°Al decay, with different states of the 2°Al and 2©Mg nuclei and the possible transitions 
between. Both electron capture and B* decay occur, and the latter leads to positron annihilation 
y rays, in addition to the de-excitation y rays from transitions within the 2°Mg nucleus. Note that 
decay from the first excited state of 7°A] does not lead to y-ray emission (see text for details). 


An illustrative example of radioactive decay is the 7°Al nucleus, illustrated in 
Fig. 2. The ground state of 7°Al is a 5+ state. Lower-lying states of the neighbour- 
ing isotope *°Mg have states 2+ and Ot, so that a rather large change of angular 
momentum A/ must be carried by radioactive-decay secondaries. This explains the 
large B-decay lifetime of *°Al of t ~1.04x 10° y. In the level scheme of 7°Al, ex- 
cited states exist at energies 228, 417, and 1058 keV. The 0* and 3°* states of these 
next excited states are more favourable for decay due to their smaller angular mo- 
mentum differences to the *°Mg states, although AJ = 0 would not be allowed for 
the 228 keV state to decay to *°Mg’s ground state. This explains its relatively long 
lifetime of 9.15 s, and it is called a metastable state of 2°Al. If thermally excited, 
which would occur in nucleosynthesis sites exceeding a few 108K, 7°Al may decay 
through this state without y-ray emission, while the ground state decay is predom- 
inantly a B* decay through excited *°Mg states and thus including y-ray emission. 
Secondary products, lifetime, and radioactive energy available for deposits and ob- 
servation depend on the environment. 
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Radioactivity in Astrophysics 
General considerations 


Nuclear reactions in cosmic sites re-arrange the basic constituents of atomic nuclei 
(neutrons and protons) among the different allowed configurations. Radioactive, i.e. 
unstable, isotopes are a result of such nuclear reactions, as a by-product. The ex- 
istence of radioactive isotope reflects the previous occurrence of those nuclear re- 
actions. The radioactive decay of isotopes provides energy input and compositional 
changes, leading to observable consequences. Hence, observations of radioactive 
decay provide a way to learn about astrophysical processes. 


Fig. 3 The cycle of matter, with stars forming out of interstellar gas, evolving towards wind and 
explosions releasing newly-formed isotopes, that are then fed back into the next generation of stars. 


The composition of cosmic material in the current universe and its observable ob- 
jects is the result of nuclear reactions throughout cosmic history from its beginnings 
to the isolation of an object from further nuclear processing. Big Bang Nucleosyn- 
thesis about 13.8 Gyrs ago left behind a primordial composition where hydrogen 
(protons) and helium were the most-abundant species; the total amount of nuclei 
heavier than He (the metals) was less than 10~? (by number, relative to hydrogen) 
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[4]. Today, the total mass fraction of metals in matter with solar abundances is* 


Z = 0.0134 [5], ie. of order ~percent, compared to a hydrogen mass fraction of 
X = 0.7381. This growth of metal abundances by about seven orders of magnitude 
is the effect of cosmic nucleosynthesis. Nuclear reactions in stars, supernovae, no- 
vae, and other places where nuclear reactions may occur, all contribute. But it also is 
essential that at least a fraction of the nuclear-reaction products inside those cosmic 
objects will eventually be made available to other cosmic gas and solids, and thus 
to later-generation stars such as our solar system born 4.6 Gyrs ago. This cycling 
of material is illustrated in Figure 3, and includes radioactive contributions in the 
ejecta from stellar nucleosynthesis. 

Throughout cosmic evolution, nuclear reactions occur in various sites with dif- 
ferent characteristic environmental properties. Each reaction environment leads to 
rearrangements of the relative abundances of cosmic nuclei. Winds, explosions, and 
binary mass transfers can liberate some of those reaction products from the compact 
centers of stars and their explosions, while, however, a major fraction of reaction 
products is buried in compact remnants of stellar evolution, such as white dwarfs, 
neutron stars, and black holes. For some of those compact white dwarfs and neu- 
tron stars, interactions with a companion star within a binary system can lead some 
time later to ejections of material again, e.g. in the forms of novae or thermonuclear 
supernovae. The cumulative process of nuclear transformations and return of some 
of the products into the interstellar and stellar materials is called cosmic chemical 
evolution. Radioactivity is among the most-directly related processes that can tell us 
about the astrophysical processes during cosmic chemical evolution. 

The phenomenon of radioactivity has impacts on astrophysical investigations in 
two fundamental aspects: 


1. The presence of radioactive isotopes changes processes in astrophysical sites and 
objects from what is known from laboratories . 

2. The presence of isotopes results in phenomena, the observations of which enables 
new and characteristic lessons on astrophysics. 


Different Processes 


The existence of radioactive isotopes implies that high-energy processes which ex- 
ceed the threshold of production for such isotopes will produce such output. There- 
fore, radioactivity presents a channel for absorbing energy in high-energy collisions, 
through incorporation of kinetic/external energy of the collision into internal nuclear 
binding or excitation energy. The nuclear reactions in nucleosynthesis environments 
that transform combinations of nucleons into others can be considered to mediate 
the thermal energy reservoir of a system with the cumulative nuclear binding energy 
that is represented by a particular composition of atomic nuclei. (1a) 


4 Our local reference for cosmic material composition seems to be remarkably universal, and rep- 
resentative for the local universe. Note that the Sun formed 4.6 Gy ago, hence this composition 
sample is from a time where the Galaxy was little more than half its current age. Solar composition 
is still debated: earlier than ~2005, the commonly-used value for solar metallicity had been 2%. 
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The presence of radioactive material implies that the composition of that cosmic 
material will change over time, due to radioactive decay. Thus, for all physical and 
chemical processes which depend on composition, there will be a time-dependent 
component in such process. (1b) 

The presence of radioactive material implies that radioactive decay will liberate 
nuclear binding energy, in the forms of y-radiation and of energized daughter prod- 
ucts. Both of these contribute to the heat of the respective environment, and thus 
to its thermal luminosity, as much as this energy is captured or absorbed by such 
environment. (1c) 

Depending on the astrophysical objective, radioactive isotopes may be called 
short-lived, or long-lived, depending on how the radioactive lifetime compares to 
astrophysical time scales of interest. Examples are the utilisation of 7°Al and Fe 
(t ~My) to trace cumulative nucleosynthesis over a time interval of several mil- 
lion years (long-lived), or of °°Ni and “Ti to trace how supernovae explode (short- 
lived). Note that in cosmic chemical evolution, on the other hand, 26Al and ©°Fe 
would be called short-lived, because radioactive isotopes such as from Th and U 
with decay times of Gyrs are used for temporal evolution studies on cosmological 
time scales; *°A] is also studied from meteorites with respect to the early solar sys- 
tem, and measures the nucleosynthesis activity near the presolar nebula 4.6 Gyrs 
ago within a precision of Myrs. 


New Astronomy 


Direct astronomical measurements of radioactivity use two main methods: Charac- 
teristic nuclear emission lines measured with gamma-ray telescopes, and isotopic 
abundances in samples of cosmic matter captured within our solar system. Both of 
these methods are rather new and not-so familiar disciplines of astronomy. They 
are complemented by less-direct measurements of radioactivity, reflecting the dif- 
ferences in processes due to radioactivity as discussed above. 

The detection of the presence of radioactive nuclei in specific cosmic samples 
of material can be used to trace the past history and evolution of such sample: The 
amount of radioactivity reflects the time and intensity of energetic interactions, or 
exposure to a source of high energy; its characteristic drop in intensity verifies that 
this particular messenger is the source of information. Examples are: the presence 
of Tc in spectra of giant stars, which is the astronomical proof of recent nuclear 
reactions within this star [6]; then the anomalous isotopic ratio of Ne found in mete- 
orites after they were heated to above 1000 K [see 7, for more details of this route to 
the discovery of stardust]; and the observed composition of cosmic rays near Earth 
which includes radio-isotopes resulting from interstellar spallation reactions, such 
as !°Be, 26CI, 2°AI [8]. 

A changing composition due to radioactive decay is best observed through the 
abundance of a daughter isotope which exceeds the isotope abundance ratios for the 
respective element. For example, excess 7°Mg in Al-rich inclusions of meteorites 
is interpreted as a result of decay of °Al, and thus implies that an an earlier time, 
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radioactive *°A] had been present in such material. This is the origin of a hypothesis 
that the early solar system had been enriched in some unexpected way with material 
carrying this radioactive isotope. 

Such changes in isotopic abundance ratios also provide a cosmic clock: From 
an initial abundance of radioactive material, decay enriches the daughter isotope 
and depletes the parent isotope, strictly following the exponential law of radioactive 
decay (see above). So, once an initial isotope abundance ratio is known, and mate- 
rial is isolated from any other influx or depletion of the specific isotopes, the time 
since isolation of such material can be calculated from the characteristic radioac- 
tive decay time that can be obtained from nuclear experiment or theory. We know 
'4© dating from civilian life, e.g. conserving an atmospheric ratio '+C/!*C of typi- 
cally 1.2x 107)? in plants, which can be age-dated using the '*C half life of 5700 
years, and counting the remaining '4C and !*C abundances with an AMS machine 
and single-ion detectors or current counters, respectively [9]. Section 1 of the fol- 
lowing Chapter below discusses specific astrophysical applications using tools of 
high-energy electromagnetic radiation as covered in this Handbook. 

Nuclear reactions in the inner regions of stars release nuclear binding energy, 
some of this directly as part of the fusion reaction, but mostly through the fusion 
products and the radioactive processes therein, as discussed above. This energy re- 
lease counterbalances the gravitational contraction, and thus can stabilise the star, 
as long as nuclear energy release is adjusted to gravitational pull and the energy loss 
due to radiation from the surface. Therefore, nuclear energy release stabilised the 
star as a long-lived object, and makes it shine, as it processes a fuel of lighter to 
more-tightly bound nuclei [10]. Exhaustion of a fuel terminates this inner energy 
source, compression ensues and enables a next nuclear energy release process. Suc- 
cessive burning stages during the evolution of a star continue releasing nuclear en- 
ergy and producing radioactivity; at each stage, they correspond to different nuclear 
fuels. At each stage, this energy release temporarily slows down the gravitational 
collapse of the star, with contraction and compressional heating in short transitional 
phases. Radiation transfer from y-ray energies to thermal energies occur in the large 
stellar envelope, so that the thermal emission of starlight from the surface has lost all 
information about the origin of the energy source and its shaping by radioactivity. 

In supernova explosions, the strive for most-tightly bound nucleons near nuclear 
statistical equilibrium leads to a production of large amounts of radioactive *°Ni 
[11]: Of order 0.1 Mo are typically produced in core-collapse supernovae, as we 
know from SN1987A (0.07 Mo)[12, 13, 14]. Thermonuclear supernovae (type Ia) 
produce even more, typically 0.5 Me [15, 16]. SN1987A was the first core-collapse 
supernova where gamma rays directly originating from the radioactive decay of *°Ni 
could be seen: The Solar Maximum Mission [17] and its Gramma-Ray Spectrom- 
eter instrument [18] showed the characteristic lines from decay of 56Co at 847 and 
1238 keV, respectively [19]. SN2014J was the first such Type Ia supernova where 
those characteristic y rays have been seen; this measurement and its implications is 
discussed in detail in the last Section of the Chapter below. 

The energy released from radioactive decay into its surroundings provides as- 
tronomical opportunities, observing high-energy photons (as covered in this Hand- 
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Fig. 4 °°Ni decay, as an example of how the radioactive decay in supernova envelopes provides 
the power for subsequent thermal radiation, making supernovae being bright astronomical objects. 
Brightness is fading due to radioactive decay and dilution of the absorber for particles carrying the 
energy from radioactive decay. 


book) from energized material, where other sources of energy are absent or implau- 
sible. The prominent case here are supernova explosions: Under explosive condi- 
tions in both physical types of supernova explosions, nuclear matter is processed in 
near-nuclear reaction equilibrium. This equilibrium aims at a balance of number of 
particles (the phase space factor, according to Liouville’s theorem), and the min- 
imisation of kinetic energy as binding energies per nucleon are maximised. Under 
most conditions, this favours nucleon binding in the form of the radioactive nucleus 
5©Ni, for matter composed of equal numbers of protons and neutrons (symmetric 
matter). °°Ni decays first within 8.8 days to radioactive °°Co, which again decays 
within 111 days to the end product, stable *°Fe; this is illustrated in Figure 4. The 
total energy released per °°Ni nucleus in this decay chain is 6.7 MeV; for 1 Me of 
S°Ni, this corresponds to an energy of 2.3 x 10°erg. The final Section of the next 
Chapter below discusses specific astrophysical applications. 

We note another prominent example where release of nuclear energy has im- 
portant consequences: the decay of radioactive 7°Al embedded in planetesimals or 
dust grains of a protostellar nebula. Being formed out of cold interstellar matter at 
typical temperatures of order 10 K, these smallest solids contain all material that 
eventually may end up to form a planet. The decay of 7°Al liberates a heating power 
of 0.5 mW g™!, which is sufficient under many conditions to heat a protostellar 
solid body to temperatures resulting in outgassing of volatile components, and in 
particular of water [3]. This, however, is not within the scope of this Handbook. 

Finally, the energy in radioactive decay is mostly released in the form of char- 
acteristic y rays, from de-excitation of the daughter nucleus, in addition to kinetic 
energies of the daughter nucleus and leptons that result from the decay. These y rays 
are accessible to direct measurement, and provide an astronomy of radioactive cos- 
mic materials. Examples are the measurements of characteristic °°Ni decay in su- 


Radioactive decay 13 


pernova SN2014J, of “+Ti decay in the young supernova remnants of Cas A and 
SN1987A, and the diffuse y-ray glow of our Galaxy from 7°Al; all of these will be 
discussed in more detail below. 


Astrophysical studies using radioactivity 


Tracing past activity 


MPTEL 1991-2000, ME 7 


(Pliischke et al. 2001) 


y-Intensity [ph cm™ sr s“']_ x 108 


0.00 0.40 0.80 1.20 1.60 2.00 2.40 2.80 


Fig. 5 The all-sky emission of y rays from radioactive decay of 7°Al. This image [20] was ob- 
tained using a maximum-entropy regularization together with the maximum-likelihood method to 
iteratively fit a best image to the measured photon events. 


26 A] was the first unstable isotope which was detected to decay in the interstellar 
medium [21]. Its lifetime (1 My) is shorter than typical times of stellar evolution 
(Gyrs), and much shorter than the age of the Galaxy itself or older stars herein 
(>10 Gy). So it must have been produced recently. This observation of direct char- 
acteristic yrays from radioactive decay of the *°Al isotope demonstrated that nucle- 
osynthesis, in some unknown mix of cosmic sources that include AGB stars [22] and 
WR stars [23], novae [24], core-collapse supernovae [25], and cosmic-ray reactions 
[26], must have happened within the recent few Myrs of Galactic history. 

The diffuse emission from *°Al decay (Figure 5) was measured in detail during 
the first sky survey in y rays towards the turn of the century, with the COMPTEL 
telescope [27] on NASA’s Compton y-ray Observatory [28], in its 1991-2000 mis- 
sion. This measurement made a meaningful imaging analysis possible for the first 
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time [29, 30, 31], and a sky map of the 26 Al emission with a resolution of about 
4 degrees was derived through maximum-entropy analysis, shown in Figure 5 [20]. 
Apparently, 7°AI is of large-scale, galactic, origins. The theoretical considerations 
were put together with these observational results to conclude that massive stars and 
their core-collapse supernovae were believed to dominate the 7°A1I production in the 
Galaxy [32]. 

A main supporting argument for the Galaxy-wide contributions seen in 7°Al ra- 
dioactivity was contributed from ESA’s INTEGRAL mission [33] and its imaging 
gamma-ray spectrometer SPI [34]. SPI detectors with a high spectral resolution of 
about 3 keV enabled the observation of the characteristic signature of large-scale 
Galactic rotation in spectroscopy of the y-ray line from 7°Al decay [35, 36], that had 
been predicted already in 1978 [37]. Therefore, the observed gamma-ray flux can 
be translated into an observed total emitting mass of 7°Al within our Galaxy. This 
makes use of geometrical models of how sources are distributed within the Galaxy, 
such as double-exponential disks and spiral-arm models [see 35, for details]. A first 
mass estimate of 2.80.8 Mo [35] was in line with theoretical expectations. Having 
this *°Al mass value, one can now employ theoretical models for the dominating 
massive stars and their supernovae and their 7°A]1 yield, and in this way obtain the 
core-collapse supernova rate that is required to produce this much 7°Al. The value 
obtained in this way [35] was a core-collapse supernova rate of 1.9+1.1 events per 
century for our Galaxy. The relatively-large uncertainty quoted herein accounts for 
uncertainties both in the geometrical model (impacting on the 7°Al mass estimate) 
and in the core-collapse supernova modeling. Nevertheless, in this way, one had, for 
the first time, a supernova rate estimate that relied on observations encompassing the 
entire Galaxy, rather than inferences from other galaxies or from star counts near the 
solar system [see 35, for a discussion of these details and alternate methods]. The 
supernova rate is key to driving turbulence within the interstellar medium [38, 39], 
hence a key parameter to understand the dynamical state of interstellar medium. 

The 7°A] mass estimate was revised and refined, as better geometrical models for 
the assumed source distribution in the Galaxy could be developed, also to account 
for foreground emission from more-nearby massive-star groups, which reduces the 
estimated mass of 7°A] in the Galaxy. The total mass of 7°A] in the Galaxy is now 
estimated to be between 1.8 and 2 Mo [40, 41]. The value of the Galactic core- 
collapse supernova rate therefore was updated with better estimates of the 7°Al mass 
and of model yields to 1.4+1.1 century—! [40, 41], or one such supernova in our 
Galaxy every 71 years. 

At face value, the 294 supernova remnants observed in the Galaxy [42] thus 
present a tension with this value [see 43, for a discussion of the astrophysical issue], 
as they would suggest a maximum sampling age of 21000 y, while significantly 
larger ages have been inferred for some of these remnants. This, however, may be 
just another illustration of the dependence of the supernova remnant appearance on 
their surroundings. 

With **Ti, another radioactive isotope is attributed to supernovae, but it has a 
much shorter radioactive lifetime of just 86 years [44]. Upon decay to “+Sc, two 
lines are emitted at 69 and 78 keV as “4Sc decays to its ground state; “Sc decays 
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again within 5 hours to *4Ca, whose de-excitation emits a y-ray line at 1156 keV 
energy. “*Ti decay y-rays have been observed from three supernovae, as discussed 
below in the Section on Diagnostics from explosions. But with this shorter lifetime, 
few sources across the Galaxy are expected to be found, even if one assumes that 
each supernova would eject radioactive “4Ti. The connections between the rate of 
supernovae in our Galaxy and the number of sources that could be found through 
“4Tj radioactivity have been analysed [45, 46], with the result that just a few “Ti 
sources are expected. The finding of the 360-year old Cas A supernova remnant as 
the only such source in the Galaxy hence is remarkable. Searches have been made 
with y-ray telescopes such as both COMPTEL [47] and both INTEGRAL main 
telescopes IBIS [48, 49] and SPI [50]. No new sources have been found by either of 
these, with ~ 1-2 debated marginal candidates, such as Vela Junior [51, 52, 53, 50]. 
In conclusion, it is asserted that “+Ti ejection and y-ray emission is attributed to a 
subclass of core-collapse supernovae only, and requires special circumstances of the 
supernova explosion (as discussed below in the last Section of the next Chapter). 
Also Fe y-rays from its characteristic radioactive decay have been observed, 
from a cascade transition to the ©°Co ground state with y rays at 1332 and 1173 keV. 
©°Fe with tT =3.6 Myrs is a second radio-isotope that is suited to trace accumulated 
past nucleosynthesis activity in the recent history of our Galaxy. A first signal from 
©°Fe decay had been found with the scintillation detectors of the Reuven Ramaty 
High-Energy Solar Spectroscopic Imager (RHESSI) mission [54] that was aimed 
at the Sun for solar flare observations. Being pointed at the Sun, observations of 
celestial y rays from the Galaxy, i.e. *°Al and °Fe, were serendipitous, as the sky 
passes through the field of view of the unshielded detectors as a background vary- 
ing over time [55]. Equipped with high-resolution Ge detectors, a clear signal from 
diffuse Galactic y-ray emission from 7°Al and ©Fe was found [55]. But spectral 
resolution was lost over the first few years of the 2002 — 2018 mission, so that it 
became more difficult to recognise the corresponding lines above background. The 
SPI spectrometer on INTEGRAL also collected data since 2002, and also found the 
signal from ©Fe decay [56, 57]. Unlike for RHESSI, SPI detectors were periodi- 
cally heated to achieve an annealing of the degradation of spectral resolution from 
cosmic-ray bombardment in space. But it had been difficult for both instruments, 
with significances not exceeding the So level, as spacecraft activation of ©°Co from 
cosmic rays occurs with time, and as the ©°Fe y-ray brightness is much below that 
of 7°Al. The latter is quite in contrast to theoretical predictions [e.g. 25, 58, 59]. 
The standard hypothesis is that both 7°Al and ©Fe synthesis are dominated by 
massive stars, where Fe is synthesised in the burning He and C shells from neutron 
capture on pre-existing Fe nuclei, and released with the supernova explosion into 
the interstellar surroundings [60, 61, 59, 62]. But rare types of supernovae could 
be significant, too [63]. It was important, therefore, to exploit the Fe y-ray signal 
and discriminate potential single-source origins from diffuse emission, which was 
obtained by comparing sets of sky models fitting INTEGRAL/SPI data [64]. This 
confirmed the diffuse nature of the °’Fe y rays, and also provided a best constraint 
on Fe y-ray intensity of below 0.4 of the 7°Al y-ray brightness, considering also 
systematic uncertainties from model fitting and backgrounds at best [64]. 
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This ratio of two radioactivities both originating from massive stars is important, 
as it constrains the interior processes in such massive stars, independent of their 
number and locations as these cancel out in the ratio (see discussion in [59], for 
example). Understanding Fe ejection from typical core-collapse supernovae then 
provides the background knowledge to interpret the ®Fe nuclei that have been found 
in sediments on Earth, and also in lunar probes and in Antarctic snow [65]: These 
important findings of radioactive material deposits are proof of specific supernova 
activity near our solar system in the past few Myrs [66]. Exciting quantitative in- 
terpretations of this are the dating of such events and their relations to other known 
objects and their presumed historic evolution at distances of order 10 to 100 pc only 
[67, 68]. But these rely on the combination of theoretical modelings of the sources 
and their generic, Galaxy-wide, confirmation, as provided by the diffuse ©’Fe y-ray 
lines . 

Note that radioactivities are important tools for cosmic age-dating and for diag- 
nostics of previous exposure of materials to high-energy reactions, in the fields of 
meteorites, of stardust, and of cosmic rays. These are not discussed in this Hand- 
book; see [69, 70, 71, 72] for reviews. 


Tracing flows of nucleosynthesis ejecta 


Some radioactive isotopes have a lifetime approaching the typical recycling time 
scale of interstellar gas into stars of 10’ to 10° years. This offers a way to trace the 
flow of nucleosynthesis ejecta directly, i.e. through their radioactive afterglow. Note 
that other astronomical signatures of the release of newly-produced cosmic material 
are of rather short duration, by comparison; supernova remnants, e.g., remain astro- 
nomically visible for times of order of several 10,000 years only [39, 73, 74]. 7°Al 
with its lifetime of 1.04x 10° y is on the short side of the recycling time of cosmic 
gas, but offers the brightest emission for this purpose. Its detection, measurements, 
and global Galactic interpretations in terms of massive-star feedback have been dis- 
cussed in the previous Section. 

In 1995, the GRIS balloon experiment [75] had reported an indication that the 
26 A] line was significantly broadened. A value of 6.4 keV [76] was obtained from a 
measurement with the high-resolution Ge detectors employed by this instrument. If 
interpreted as kinematic Doppler shifts of astrophysical origin, this translates into a 
6A] motion of 540 km s~! [76]. Considering the 1.0410° y decay time of 7°Al, 
such a large velocity observed for averaged interstellar decay of 7°Al would naively 
translate into kpc-sized cavities around 26 Al sources, so that velocities at the time of 
ejection would be maintained during the radioactive lifetime. An alternative hypoth- 
esis is that major fractions of *°Al condensed onto grains, which would maintain 
ballistic trajectories in the tenuous interstellar medium [77, 78]. 

More recent high-quality spectroscopic data from INTEGRAL’s y-ray spectrom- 
eter SPI have deepened and detailed these observations. SPI maintains a resolution 
of 3 keV at the energy of the 7°Al line (1809 keV) for multi-year data accumulation 
[79]; this corresponds to a Doppler velocity shift resolution of about 100 km s~! 
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Fig. 6 The 26 A] line as seen towards different directions (in Galactic longitude). This demonstrates 
kinematic line shifts from the Doppler effect, due to large-scale Galactic rotation [36]. 


for bright source regions [36]. Additionally, the INTEGRAL spectrometer SPI also 
is an imaging instrument, thus capable of mapping the spectral properties of 7°Al 
emission across the Galaxy. Already predicted in 1978 as a signature of large-scale 
Galactic rotation [37], this signal was then seen in Galactic-plane survey data from 
INTEGRAL/SPL. In early INTEGRAL results [35], it appears as a blue shift when 
viewing towards the fourth quadrant (objects on Galactic orbits approaching) and 
a red shift when viewing towards the first quadrant (receding objects, on average). 
The consolidated signature, with more years of exposure, is shown in Figs. 6 and 7). 

Comparison of the observed 7°AI velocity from large-scale Galactic rotation [36] 
with the velocity of molecular gas exhibits a puzzling discrepancy (Fig. 7). The 
velocities seen for *°Al throughout the plane of the Galaxy [35, 36] exceed the 
velocities measured for molecular clouds, stars, and (the most precisely measured 
velocities of) maser sources by typically as much as 200 km s~! (see Fig. 7). This 
high apparent bulk motion of decaying 7°Al means that the velocities of these ra- 
dioactive nuclei remain higher than the velocities within typical interstellar gas for 
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Fig. 7 The line-of-sight velocity shifts seen in the 7°Al line versus Galactic longitude (data points 
with error bars), compared to measurements for molecular gas in CO (colors, intensity-coded from 
blue to red). The dashed line represents a model from 7°Al decay into cavities at the leading edge 
of spiral arms, as shown in Figure 8. [36]. 
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Fig. 8 A model for the different longitude-velocity signature of 7°Al, assuming 7°AI blown into 
inter-arm cavities at the leading side of spiral arms [80]. 


10° years. Additionally, Figure 7 shows that there is an apparent bias for this excess 
average velocity in the direction of Galactic rotation. 

This has been interpreted [80, 81] as 7°Al decay occurring preferentially within 
large cavities (superbubbles), which are elongated into the direction of large-scale 
Galactic rotation (Fig. 8). If such cavities are interpreted as resulting from the early 
onset of stellar winds in massive-star groups, they characterise the source surround- 
ings at times when stellar evolution terminates in core-collapse supernovae. Such 
wind-blown superbubbles around massive-star groups plausibly extend further in 
space in forward directions and away from spiral arms (that host the sources), as 
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has been seen in images of interstellar gas from other galaxies [82, and references 
therein]. Such superbubbles can extend up to kpc [80] [see also 83, 81, 84]), which 
allows 7°AI to propagate at velocities similar to the sound speed within superbub- 
bles. The dynamics of such superbubbles into the Galactic halo above the disk are 
unclear; this is perpendicular to the line of sight, so that measurements of 7°Al line 
Doppler velocities cannot provide an answer [see 81, for a discussion of outflows 
into the halo]. Nevertheless, these measurements underline the important conse- 
quences of massive-star clustering in shaping the interstellar medium, with con- 
nections to the astrophysics of stellar feedback in general [see 85, 86, for recent 
theoretical considerations]. 

One particular such superbubble has been identified near the solar system and 
towards the Orion region: The Eridanus cavity has been recognised in diffuse X-ray 
emission [87], its boundaries are delineated in HI radio emission [88], and y rays 
from 7°Al have been detected [89] [Implications of these observations in terms of 
massive-star feedback have been discussed, a.o., by 90]. 

Radioactive decay is often accompanied by the emission of positrons, if the decay 
is a B* decay; *°Al decay as shown in Figure 2 is an example. Once having escaped 
from the source, positrons will propagate through the interstellar medium as directed 
by magnetic fields, limited in time by interactions with particles and fields along the 
way. One of these interactions, in this case, is the annihilation of the positron with 
its anti-particle, the electron. This may occur in different ways, either directly, or 
through radiative captures, or through charge-exchange collisions with hydrogen 
atoms forming an intermediate positronium atom. As a result of positron annihila- 
tion, characteristic y rays are generated, with a pair of photons at 511 keV energy for 
direct annihilations and for annihilation through the intermediate formation of para- 
positronium, and a spectrum rising in energy with an upper energy limit of 511 keV 
if through the intermediate formation of ortho-positronium, as spins of positronium 
and the annihilation y-rays must be balanced. The study of positron propagation 
from their nucleosynthesis sources through interstellar surroundings [91] suggests 
that propagation out to at most a few 100 pc may occur. The y-ray emission from 
positron annihilation has been measured in detail and imaged across the entire sky 
with the INTEGRAL mission and data from the SPI instrument [92, 93, 94, 95]. It 
is found that the emission morphology of positron annihilation y rays is very dif- 
ferent from those of any of the radioactivity candidates to produce the positrons, 
even if propagation is accounted for [see, e.g. 96, 97]. Therefore it is concluded 
that radioactivity only contributes a minority of positrons that are seen annihilating 
throughout the Galaxy; see [97] for a review of positron astrophysics with lessons 
and remaining puzzles. 


Diagnostics of explosions 
Explosive nucleosynthesis occurs in complex networks of nuclear reactions. As the 


explosion is launched and proceeds, the environment and conditions for nuclear re- 
actions vary due to the complex dynamics of material, and these are reflected in the 
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products that result from a supernova explosion [11]. Therefore, measurements of 
the radioactive ejecta of supernova explosions can be used directly as a diagnostics 
of the inner explosion, complementing sparsely-available measurements from neu- 
trinos and gravitational waves, which are the only messengers that directly escape 
from these inner regions of a supernova explosion. By comparison, all low-energy 
radiation from X rays down to infrared and radio are indirect, and shaped by pro- 
cesses outside of these inner regions. 

The gamma-rays and positrons emitted from radioactive decay chain of *°Ni 
through *°Co (decay time t=8.8 days) to *°Fe (t=111 days) energise the ejecta and 
envelope of the supernova from inside. The scattered and re-processed radioactive 
energy is then responsible for the light that appears at the photosphere and makes 
supernovae to be bright sources. This photospheric emission has been key to many 
astrophysical studies of supernova explosions, in spite of its indirect origins far out- 
side the explosion physics, because observations have been readily made available 
by the ensemble of telescopes world-wide and from infrared to UV wavelengths. For 
example, empirical laws have been used to estimate the amount of °°Ni produced in 
the explosion [98], and spectroscopic measurements of elemental abundances have 
been used to infer the neutron to proton ratio in the explosion [99, 100, 101]. But if 
accessible, the radioactivity also provides a more-direct diagnostic of the explosions 
themselves. 

The direct measurement of y rays of *°Ni decay had been predicted from su- 
pernova models [e.g. 102, 103]. But it took 40 years until, for the first time, the 
radioactive energy injection of *°Ni decay could be measured directly as it powers 
the light from thermonuclear supernovae. INTEGRAL’s instruments in space or- 
bit made this possible [104], as SN2014J occurred on January 22, 2014 [105] ata 
distance of only 3.3 Mpc in the nearby starburst galaxy M82 [106]. INTEGRAL’s 
spectrometer SPI contributed y-ray spectroscopy at fine resolution of the >°Ni decay 
lines (see Figure 4) [107, 108, 109]. This is a valuable complement, as it bypasses 
the uncertainties and complexities of radiation transport within the supernova, that 
downscatters MeV radiation by many orders of magnitude into optical light. Its 
diagnostic power had been emphasised by modeling work [e.g. 110] long before 
SN2014J occurred. 

The amount of *°Ni inferred from the y-ray flux of 0.49+0.09 Mz [108] is 
in agreement with the amount inferred from the optical brightness of the super- 
nova, as based on the empirical peak-brightness/>°Ni heating-rate relation discussed 
above (Arnett’s rule [98]). The °°Ni mass determination with infrared light curves 
[111] also is in agreement with this direct y-ray based >°Ni mass determination in 
SN2014J. A key ingredient of modeling supernova light from thermonuclear su- 
pernovae in the broader electromagnetic spectrum from *°Co radioactivity with its 
characteristic 111-day decay time, has thus been measured by most-direct messen- 
gers, as a reassuring confirmation of our standard understanding of the origins of 
supernova light. 

In details of the y-ray spectroscopy, there had been indications of interesting 
irregularities, that may be washed out by the processes of radiation transfer in a su- 
pernova envelope. The y-ray line emission from decay of *°Co was traced over 3 
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Fig. 9 SN2014J signal intensity variations for the 847 keV line (center) and the 1238 keV line 
(right) as seen in four epochs of high-resolution y-ray observations, in 10 keV energy bins. Clear 
and significant emission is seen in the lower energy band (left and center) through a dominating 
broad line attributed to 847 keV emission, the emission in the high-energy band in the 1238 keV 
line appears consistent and weaker, as expected from the branching ratio of 0.68 (right). For the 
847 keV line, in addition a high-spectral resolution analysis is shown at 2 keV energy bin width 
(left), confirming an irregular appearance, i.e. not homogeneously in the form of a broad Gaussian. 
[From 108]. 


months with the INTEGRAL y-ray spectrometer. Thus the line centroid and width 
could be constrained in their evolution, as shown in Figure 9. Naively, one would 
have expected a Doppler-broadened Gaussian line to appear and fade in its bright- 
ness, with some centroid shift from blue to red as the facing ejecta would shine 
early and receding ejecta from the distant part of the supernova would add later. 
But, as shown in Figure 9, the spectra rather show surprising spikes, which appear 
to come and go with time. Although statistical noise is a concern, it was asserted 
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that a smooth appearance of the lines as suggested from a spherically-symmetric 
gradual transparency to centrally located *°Ni could be excluded [108]. Rather, it is 
indicated that individual clumps of *°Co decay at different bulk velocities may have 
appeared at different times, signifying substantial deviations from spherical symme- 
try of explosion or *°Co distribution [see 108, for more detail on the *°Co y-ray sig- 
nal]. Thus, y-ray spectroscopy provides an additional indication that non-sphericity 
may be significant in type Ia explosions, and rather smoothed out in signals based 
on bolometric light re-radiation from the entire supernova envelope. 

In SN2014J, even more spectacular was the detection of *°Ni decay lines early-on 
(Figure 10): It was believed that °°Ni would always be embedded so deeply within 
the supernova’s core that even rays could not leak out before *°Ni was converted 
to °°Co, due to its radioactive lifetime of about 9 days. Only some He cap models 
included the possibility of early y-ray emission from *°Ni decay [112], as helium 
deposition on the surface of the white dwarf could cause a helium surface explosion 
triggering the thermonuclear supernova. Thus, this discovery of early *°Ni y-ray 
lines was discussed as a support for such a double detonation [see 107, for more 
detail]. 
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Fig. 10 Early y-ray spectrum from SN2014J, finding the characteristic line at 158 keV from >°Ni 
decay. Observed from a three-day interval around day 17.5 after the explosion, this confirms an 
early visibility of °°Ni, probably close to the surface, rather than embedded in the supernova center. 
The SPI instrumental background is shown as a scaled histogram, showing the SN2014J line offset 
from the centroid of a strong background line. The measured intensity corresponds to an initially- 
synthesised °°Ni mass of 0.06 Mg. [From 108] 


We now turn to the case for core-collapse supernovae. Observations of super- 
nova SN1987A with y-ray telescopes had shown that the radioactive power source 
of supernova light was embedded within the massive envelope of such a supernova 
somewhat different than the standard onion shell picture of a massive star at the 
end of its stellar evolution would suggest: The SMM Gramma-Ray Spectrometer 
showed a surprisingly-early appearance of the characteristic lines from decay of 
%6Co at 847 and 1238 keV [19, 113], only six months after the explosion. Detailed 
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line spectroscopy of this signal suggests an early redshift of the line centroids [1 13], 
quite in contrast to expectations: early inner radioactivity should be revealed from 
the near side of the supernova first. Followup spectroscopy with semiconductor de- 
tectors of higher spectral resolution than SMM’s scintillation detectors then showed 
an expected evolution from early blue-shifted lines to red shift of this early *°Co 
line signal [114]. A detailed analysis of model ingredients that would be compatible 
with all y-ray data on SN1987A ~°Co line emission suggests that a rather particular 
combination of bulk initial velocity of the °°Ni produced, and some degree of non- 
spherical distribution with a suitable combination of envelope mass and explosion 
energy are needed [1 15]. 

The bolometric light curve of SN1987A follows the predictions of fully trapping 
the energy from >°Co decay for several hundred days. It can be modulated by stan- 
dard envelope density models and changes in the escape fractions of y-rays due to 
decreasing densities as the envelope expands. This radiation escape only becomes 
a significant effect beyond about 1000 days after the explosion. At later times, the 
change of slope in the bolometric light curve indicates that power now is delivered 
from radioactivities with longer decay times, first >’Co and then “Ti [| 16]. The “Ti 
radioactivity as a power source of SN1987A emission at this time was then beauti- 
fully confirmed through observations of the characteristic decay lines directly. “4Ti 
decays to “4Sc within t ~ 86 years [44], emitting characteristic y-rays of 68.87 
and 78.36 keV from de-excitation of “+Sc. The subsequent decay of Sc to “Ca 
occurs after tT ~ 5.73 hours only, producing a characteristic y-ray line at 1157.02 
keV from de-excitation of Ca. Thus, for our purpose, we may characterise the 
decay of “Ti with a decay time of 86 y and three characteristic lines at 69, 78, 
and 1157 keV energy. The 67.9 keV and 78.4 keV lines of “Ti decay have been 
observed 25 years after explosion with INTEGRAL instruments [117], and more 
clearly [118] with the NuSTAR hard X-ray telescope [119]. The NuSTAR hard X- 
ray telescope provides a unique opportunity for observations of characteristic lines 
from radioactivity, as only up to energies of ~80 keV it is possible to deflect and 
focus celestial photons with X-ray optics, thus increasing the collection area of a 
telescope beyond the detector surface area; this is common for standard telescopes, 
yet impossible at energies above 100 keV due to the penetrating nature of y rays. 
Therefore, even at 55 kpc distance, the brightness of SN1987A was sufficient for a 
significant measurement of the “*Ti radioactivity [118]. The measured line flux of 
3.5x10~° phcm~7s~! translates into a “Ti amount of 1.5x 10-4 Mj. By compari- 
son, the INTEGRAL result is somewhat debated, in particular with a strikingly-large 
inferred “Ti amount of (3.1-40.8)x10~* Mo [117]; subsequent analyses of data 
with INTEGRAL’s SPI instrument could not confirm a signal from SN1987A in 
these characteristic lines [50]. The characteristic lines from “1 decay in SN1987A 
are thus not bright enough for detailed spectroscopy. Therefore, a diagnostics is only 
provided by comparing measured fluxes to the yields of models of different types 
[e.g. 120, 121, 122, 123, 124, 125, 126, 127]. Note that these direct measurements 
all find **Ti amounts that fall on the high side of theoretical expectations, which are 
generally in the range of a few 10-> Mo. 
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The second case of a core-collapse supernova with interesting observational de- 
tail in high-energy emission for supernova explosion diagnostics is the rather young 
supernova remnant Cas A. At a distance of 3.4 kpc and an age of 360 years [128], 
this remnant is close enough so that telescopes at X- and y-ray energies can mea- 
sure all characteristic lines from decay of radioactive “Ti at sufficient precision for 
supernova diagnostics. 


Fig. 11 The image [129] of the Cas A supernova remnant demonstrates how radioactivity comple- 
ments our view: Characteristic lines from “Ti decay (blue) reveal the location of inner ejecta, while 
X-ray line emissions from iron (red) and silicon (green) atoms, that also are emitted from those 
inner ejecta, show a somewhat different brightness distribution, due to ionization emphasising the 
parts of ejecta that have been shocked within the remnant. 


The Cas A supernova remnant was the first source where “*Ti decay was directly 
observed through y-rays with the COMPTEL instrument, and the characteristic line 
at 1157 keV [130]. Later this signal was confirmed by several other high-energy 
astronomy instruments, i.e. OSSE, RXTE, [131, 132, 133, 134]. 

With its size, it was ideally suited for the NuSTAR imaging hard X-ray tele- 
scope [1 19], to measure and image its radioactivity y-rays from the radioactive Ti 
that had been ejected with the supernova 360 years ago [129]. The image shown in 
Figure 11 is an overlay of emission mapped with the Chandra X-ray telescope in 
characteristic lines from Fe and Si recombination lines, and emission from radioac- 
tive “Ti decay in the 69 and 78 keV lines imaged with the NuSTAR multilayer 
mirrors. The recombination line image had been puzzling for a while, as it shows Fe 
emission located outside of Si structures. This should not be, if a massive star’s iron 
core launches a core-collapse supernova with lighter elements further out. But the 


Radioactive decay 25 


447i radioactivity should be co-produced with any iron that may be ejected from the 
inner regions of the supernova. The NuSTAR data clearly show its location, which 
is near the center of the explosion, as expected. The puzzle is resolved from the 
nature of the different line emissions: The recombination lines recorded with Chan- 
dra result as electron recombination occurs in highly-ionised plasma, and the atomic 
shell reaches its ground state, emitting characteristic lines in X rays for these highly- 
ionised states. In contrast, radioactive decay is independent of ionisation state and 
occurs as nuclei are present, independent of density or temperature. Therefore, the 
iron recombination line emission is sensitive to biases from ionisation, and are even 
absent for fully-ionised plasma. Hence, the Chandra measurements shows iron re- 
combining where it has been overrun by the reverse shock already, while iron in 
the interior of the remnant has not been ionised yet by the inward-moving reverse 
shock. 
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Fig. 12 The spectra for “Ti emission from the Cas A supernova remnant show significant red- 
shifts, indicating bulk motion away from the observer. The NuSTAR spectra for two different 
emission regions (/eft) [135] show that different regions show different bulk velocities, preferen- 
tially however away from the observer. The INTEGRAL/SPI spectra for all three lines (right) [136] 
for emission intenrated across the entire remnant confirm this trend, and show in particular a clear 
Doppler shift for the 1157 keV line (lower right). 


Moreover, the image in **Ti radioactivity lines spectacularly shows directly that 
radioactive ejecta appeared in several clumps, rather than as spherically-symmetric 
shells. After SN1987A’s asphericity indicators (see above), this is another direct 
demonstration that sphericity is not common in core-collapse supernova explosions. 
The NuSTAR measurement allowed a decomposition of the “Ti signal through 
imaging spectroscopy, determine the spectra across the remnant for ~ 20 indepen- 
dent positions [135]. These results show that there is kinematic diversity across the 
inner remnant and these nucleosynthesis ejecta, with remarkable redshift for a ma- 
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jority of the regions that could be discriminated (Figure 12, left). A deeper analysis 
of cumulative data of INTEGRAL/SPI consistently finds that all “*Ti decay lines are 
red-shifted by an amount that corresponds to a bulk velocity of (1800+800) km s~! 
(Figure 12, right), consistent with the NuSTAR findings; SPI cannot resolve regions 
within the remnant and only provide an integrated spectrum. Note that the Doppler 
shift scales with energy; therefore, the data from the 1157 keV line contribute most- 
significantly to this bulk velocity determination with INTEGRAL. Again, as for 
SN1987A, a remarkable deviation from sphericity is found for this core-collapse 
supernova that created the Cas A remnant. 

Also fluorescent X-ray line emission at keV energies may be emitted from ra- 
dioactive material, if decay occurs through electron capture and leads to such X-ray 
emission as the atomic-shell vacancy is replenished [137]; this may have added to 
the energisation of the late SN1987A light curve, but direct detections remain am- 
biguous [138]. 

Thus, observations of radioactive decay y-ray lines provide an important com- 
plement to the rich archives of supernova light curves and spectra at other wave- 
lengths; each of these is at an opposite end of the complex radiation transfer within 
a supernova, with y-rays from primary radioactive decay within the supernova and 
detailed spectra with elemental lines from emission of optical/IR at the supernova 
photosphere. 


Summary 


Radioactive decay occurs as unstable nuclei are created in nuclear reactions of cos- 
mic nucleosynthesis. The decay is mediated by the weak interaction, and hence 
largely independent of thermodynamic parameters such as density or temperature. 
Therefore, radioactive decay is an interesting emission process for characteristic 
y rays, which can provide new astronomical messages from sources of high-energy 
astrophysics. Mainly, the decay of radioactive isotopes signifies the past occurrence 
of such nuclear interactions to a sample of cosmic matter, also providing a clock 
which allows tracing back such history. The radioactive decay also provides a source 
of energy, which may be deposited to matter after typically a delay corresponding 
to the characteristic time of radioactive decay. This leads to interesting processes 
resulting from such energy input, in terms of heating and thermal radiation. 

The observation of a presence of radioactive material directly traces previous 
nucleosynthesis. It therefore can be used to locate cosmic nucleosynthesis events, 
and to measure their occurrence rates, depending if the radioactive decay time of 
a specific isotope is short, or long, respectively. For isotopes with a radioactive de- 
cay time that is longer than the typical other radiative signatures of nucleosynthesis 
events such as stellar explosions, measuring the y rays from radioactivity allows 
to trace the flow of freshly-produced nucleosynthesis ejecta over millions of years, 
along their path to mix with material that may form a later generation of stars. This 
allows for estimations of recycling times in the cosmic cycle of matter that leads 
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to enrichment of metals in cosmic times, also called cosmic (or galactic) chemical 
evolution. Radioactivity in and following supernova explosions and their y rays also 
provide a new and different window into the processes that occur to launch and drive 
such explosions. In particular, relating y-ray light curves and spectra to other ob- 
servables characterising the supernova explosions can unfold dynamical processes 
in inner supernova regions, that otherwise are occulted from direct observations. 
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